The present study mainly focuses on heat and moisture budget components and its variations during meteorological drought conditions over India for the period, 1951-2013. The IITM sub-divisional summer monsoon standardised rainfall anomaly is considered to identify the meteorological drought, where the rainfall anomaly is less than one. From the analysis, thirteen meteorological droughts identified, and the rainfall decreased on spatial and temporal scales with significant changes in the frequency, duration and total amount of rainfall. In the lower levels, the westerlies are very weak where anti-cyclonic circulation is mainly observed along 60⁰-70⁰E. The intensity of easterly jet stream is decreased and further shifted towards south at 150 hPa level in drought years. Next, anomalous variations in relative humidity and vertical velocity induce the maximum reduction in the moisture amount (15%) in both lower and upper levels leads to weakening of local Hadley circulation strength. Next, the heat budget components are decreased over Bay of Bengal and coastal regions with a magnitude of 40 to 200 W/m 2 in drought years. It is observed that more moisture is transported to the equatorial region producing below average rainfall over the Indian subcontinent during weak monsoon periods. Hence, this study will help to identify the quantitative and qualitative estimation of drought conditions for long-range prediction of rainfall forecasting.
Introduction
Indian agriculture and 70% of its population mainly depend on monsoon rainfall, which accounts for 25% of the GDP. The Indian summer monsoon is an integral part of the general circulation of the global earth-atmospheric systems. Large-scale circulation monsoon system forms every year over the Indian Ocean and its neighbouring areas during premonsoon and continues until the end of September. The tropical oceanic regions, in particular, the Arabian Sea, the Bay of Bengal, and the Indian Ocean are the primary reservoirs of heat and moisture of the monsoon. Monsoon early or delay onset in a few days can severely affect the economy, and also persistent droughts bring hazards on the enhanced productivity on agriculture.
The land-ocean thermal gradient plays a significant role in the monsoons (Mohanty et al., 1983; Pearce and Mohanty, 1984; Li and Yanai, 1996; Liu and Yanai, 2001) . Studies on the relationship between tropospheric temperature in pre-monsoon and the Indian summer monsoon rainfall has been examined (Verma, 1982; Mooley and Paolino, 1988; Parthasarathy et al., 1990; Rajeevan et al., 1998; Kothawale and Rupa Kumar, 2002) . Several investigations have been carried out to establish a possible relationship between sea surface temperature (SST), fluxes variations over the Indian seas and monsoon activity over the Indian subcontinent from different experiments (Pisharoty, 1965; Shukla, 1975; Weare, 1979; Das, 1983; Mohanty et al., 1983; Rao and Goswami, 1988 ; Mohanty and Mohan Kumar, 1990; Bhanu Kumar et al 2012 , Roxy et al 2017 , Suneetha et al., 2017 . The flux transfer of heat and moisture from the ocean surface and the atmosphere exhibit significant variability over the Indian seas between the extreme categories of the monsoon flood and drought Ramesh, 1993, Suneetha et al., 2018) . Hastenrath and Lamb's (1980) study defines the importance of the cross-equatorial water vapour transport through the moisture budget of Southern Asia. Pisharoty (1965) and Peixoto and Oort(1983) suggest west coast of India received more moisture from the Arabian Sea from atmospheric water vapour budget. 
Method
The normal rainfall during southwest monsoon season is 890 mm for the country as a whole, and it is 611 mm in northwest India, 994 mm in central India, 723 mm in southern India and 1427 mm in northeast India. Out of 890 mm of normal rainfall in the country, June accounts for 162 mm followed by 293 mm in July, 262 mm in August and 175 mm in September. The IITM sub-divisional monthly rainfall values are obtained to identify meteorological droughts over India for the period 1951-2013. The meteorological droughts are considered where the rainfall anomaly less than one ( Figure-1) . From the analysis, thirteen meteorological droughts (1951, 1965, 1966, 1968, 1972, 1974, 1979, 1982, 1985, 1987, 2002, 2009 and 2012) are considered. Meteorological drought composites are prepared to identify the spatial distribution of rainfall with IMD gridded rainfall data. GISS surface airtemperature anomalies are obtained for understanding the land-sea thermal contrast during pre-monsoon season(March to May) for the study period. Later, Indian monsoon index data is obtained from the website http://apdrc.soest.hawaii.edu/projects/monsoon/ basing on the area (40⁰E-80⁰E, 5⁰N-15⁰N and 70⁰E-90⁰E, 20⁰N-30⁰N) . This index is defined as the zonal wind difference between the two areas at the 850 hPa level. Monthly values of heat budget and moisture budget components are computed mainly from NCEP/NCAR reanalysis data (2.5⁰ X 2.5⁰) like specific humidity, air temperature, sensible heat flux, latent heat flux, ground heat flux, zonal and meridional components. The bulk equations are used for deriving latent and sensible heat fluxes to compute the heat budget.
Heat Budget
Heat budget components such as shortwave radiation flux (SWF), long-wave radiation flux (LWF), sensible heat flux (SHF), latent heat flux (LHF) and net heat flux (NHF) are used for climatology and also for drought years. ).
Moisture Budget
This study uses the moisture budget equation described by Yanai et al. (1973) . This equation states that the local variation of the precipitable water (W) in the atmosphere can be written as (1) where W = moreover, F = F λ i +F φ j is the vertically integrated moisture flux in an atmospheric column. The zonal and meridional components are given as F λ = F φ = moreover, pt =300 hPa, p0 =1000 hPa, and g is the acceleration due to gravity. Equation (1) states that the changes of total perceptible water in an atmospheric column are equal to the difference between the evaporation E and the sum of precipitation P and the vertically integrated moisture flux divergence ∇· F. For a long-term average, ∂W/∂t vanishes; Equation (1) then becomes E−P = ∇· F. This Equation is valid for observation and numerical model simulations. However, for the sake of brevity, Dc is not discussed here.
This equation is adopted for our study from Veiga et al., 2005 . Variation of the heat and moisture budget components are also computed for drought conditions. The analysis provides an insight into the mechanisms that involve in the evolution of monsoon be mainly dependent on the heat source and moisture sources regions like the Arabian Sea and Bay of Bengal.
Results

Spatial Distribution of Rainfall During Meteorological Drought Years
Spatial distribution of Indian summer monsoon rainfall for the different meteorological drought years is shown in Figure- 2. The primary peak of rainfall is mainly observed over the Western Ghats and Northeast India due to orographic effect. The lowest rainfall is mainly observed in Northwest India (42mm/day). In the year 1951, there is a high amount of rainfall over Western Ghats region, moderate rainfall over Chhattisgarh and Madhya Pradesh. Very less amount of rainfall is observed over Rajasthan, Karnataka and TamilNadu regions. In 1965, maximum rainfall observed over the Western Ghats and Arunachal Pradesh. Very less amount of rainfall (3mm/day) is observed over Northwest India (Rajasthan, Srinagar, Jammu and Kashmir regions). In the years, 1966, 1968, 1972 the amount of rainfall varies in between 24-30 mm/day, 27-22 mm/day and 21-24mm/day over Northeast region respectively. Next, the rainfall decreased in remaining meteorological drought years (1974, 1979,1982,1985,1987 and 2002) compare to normal years. The average rainfall varies in between 21-35 mm/day over the Indian region during drought years. From this composites, it is evident that maximum amount of rainfall can be observed over mas.ccsenet.org Modern Applied Science Vol. 12, No. 9; 2018 224 Western Ghats and Northeast part of India. Next, very less amount of rainfall identified over Northwest and Southeast India. Hence this study revealed and there is a significant difference in between year to year on spatial and temporal scales especially on daily and seasonal variability of rainfall during meteorological drought years.
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Land-Sea Thermal Contrast
Climatology infers surface temperatures are increasing over North Indian Ocean and decreasing over the land region, especially over northern India during the March through May. The Indo-Tibet high-pressure region also shows significant cooling (0.3-0.05⁰C), while warming over the northwest region ( Figure-3a) . Next, the surface temperatures are decreasing mainly over the northwest region (0.1⁰C to -0.1⁰C) and represented in figure-3b. Anomalous surface temperatures show that there is a significant cooling(-0.3⁰C) observed over the northwest region ( Figure-3c ). Generally in the summer season, warming over northwest India is one of precursor to the active monsoon season. Thus the above analysis indicates that the thermal gradient between land and ocean is decreasing which leads to weak monsoon circulation during meteorological drought years. 
Relative Humidity and Monsoon Hadley Circulation
Tropical circulation is geared up to transport the excess heat to the higher latitudes, by atmosphere and ocean. Also, changes in strength and movement of Hadley circulation is essential for large-scale circulations that changes in surface winds, precipitation. A reverse Hadley cell with rising motion between 25°N -35°N and sinking motions over the south India, where upper limb is extending even up to 35° N (Oort and Rasmusson, 1971; Schulman, 1973 and Holton, 1992) . The land-sea heating contrast of Indian sub-continent and the Indian Ocean and the latent heat release in the monsoon trough region sets up a vertical Hadley type circulation with southerlies in the lower levels and northerlies in the upper levels. Hadley cell circulation redistributes moisture to transport poleward which is a heat source for the atmosphere to higher latitudes; which reduces the tropical north-south temperature gradient (McGregor and Nieuwolt, 1998) .
The saturation of the moisture content is reduced to 15% in the lower and upper level across south India during meteorological drought conditions (Figure-6a ). Anomalous Hadley cell revealed that there is a reduction in sinking mas.ccsenet.org
Modern Applied Science Vol. 12, No. 9; 2018 228 branch strength at upper levels in drought years ( Figure-6b) . The large-scale upward motion over the equatorial ocean while sinking motion mainly prevails over 20⁰N which induce the inhibition of convection. According to Roxy et al.,(2015) (Figure-7a) . Next, the weak heat flux is prevailing over the Bay of Bengal than the Arabian Sea in July ( Figure-7b) . Both cross equatorial flow and Somalia jet stream both play a significant role in establishing of the summer monsoon from the Arabian Sea to Indian peninsula in June and July. In August, the heat flux is increased (>220W/m 2 ) over the Arabian Sea. Latent heat flux is more dominant over oceans than the sensible and ground heat flux. The Bay of Bengal branch shows increases in heat flux along off the coast of Sri Lanka. Generally, in August, the Bay of Bengal branch is very active due to the northwest propagation of monsoon depressions from the head Bay of Bengal (Figure- 
Sensible and Latent Heat Flux Variations During Drought Conditions
Sensible heat provides the amount of energy transfer between the surface and air due to conduction and convection. From the figure-9a, the sensible heat flux anomaly is varied in between -18 to 12 W/m 2 during drought years. The highest amount of sensible heat flux is primarily observed over Coastal Andhra Pradesh (12 W/m 2 ) and Gujarat region. Thus the rate of evaporation is more due to biological activity, high temperatures over land. Figure- 
Moisture Budget Variations During Drought Years
Regional quantification of the hydro-climate process is mainly involved in heat and moisture transport from different source regions of the earth atmosphere and surface. The heat energy and moisture budgets are coupled together through processes like evaporation and condensation which contributes to the latent heat flux. Increases in heavy precipitation may not always lead to an increase in total precipitation over a season or over the year. The vertically integrated moisture flux divergence for the summer monsoon period is plotted for climatology and drought years in figure-10a & b respectively. The amount of precipitation is more than the evaporation which is termed as a moisture sink. The significant moisture sink regions are mainly located in the Bay of Bengal, the Western Indian Peninsula with maximum rainfall regions. The regions of moisture source are located in the Arabian Sea, the coastal area of Africa and the southern Indian Ocean. Figure-10a shows the vertically-integrated total moisture transport divergence for the summer monsoon season for the study period. Primarily, the northward transport of moisture is taking place from the southern hemisphere, crossing the equator to the Somali coast, Arabian Sea and Bay of Bengal through summer monsoon mean flow. The pattern of the moisture flux divergence is very similar to the patterns of rainfall and moisture source and sink. The most robust moisture convergence is located in the Bay of Bengal, Indian peninsula and northeast region. Simmonds et al., (1999) studied the moisture transport with ECMWF datasets. During drought conditions, the moisture transport is absent in the Bay of Bengal ( figure-10b) . The anomalous divergence is decreased (-1.5X10 -6 /s) with less moisture transport into the Indian monsoon region and also the moisture source regions shifted from the original locations. During the break and weak monsoon conditions, more moisture is transported to the equatorial region producing below average rainfall over the Indian subcontinent. 
Discussion
Meteorological drought plays a vital role in India's economy and agricultural activities through insufficient soil moisture, shortage in water table over a particular region. Land-thermal contrast is decreasing due to the northsouth decreasing thermal gradient. India monsoon index is also decreasing in the recent years. Heat and moisture budgets of the climatology and drought years provide an insight of moisture source and sink regions of the summer monsoon season. During drought years, the Bay of Bengal moisture branch is very weak due to weak westerlies. The primary heat source regions are a southern hemisphere, Somalia coast, the Arabian Sea, and the Bay of Bengal. In the drought years, the sensible heat flux is high over land, while latent heat flux is very low over heat source regions. Anomalies of relative humidity, Hadley cell strength and movement, circulation at different levels also provide insight for a proper understanding of the prolonged dry conditions during drought years. Thus, this study helps in finding the meteorological drought conditions for the long and medium-range forecasting of rainfall.
